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Ijh\_^_gh bkke_^h\Zgb_ fbdjhkljmdlmju b djZldh\j_f_gguo f_oZgbq_kdbo

k\hckl\ n_jjblgh-fZjl_gkblghc klZeb WI823-R, h[emq_gghc \ \b^_

iehkdbo fbdjhh[jZaph\ k jZaebqghc l_jfhh[jZ[hldhc \ j_Zdlhj_ ;G-350

ijb l_fi_jZlmjZo 495-500 ºK ^h ih\j_`^Zxsbo ^ha 5-11 kgZ. H[emq_ggu_

h[jZapu klZeb WI823-R k jZaghc l_fi_jZlmjhc aZdexqbl_evgh]h hlimkdZ

(760 b 800 ºK) bf_xl ^\monZagmx fbdjhkljmdlmjm, khklhysmx ba a_j_g

n_jjblZ b hlims_ggh]h fZjl_gkblZ. Ijhqghklgu_ k\hckl\Z klZeb

kgb`Zxlky k ih\ur_gb_f l_fi_jZlmju bkiulZgby \ bgl_j\Ze_ 20-685 ºK,

ijb wlhf gZb[he__ bgl_gkb\gh kgb`_gb_ ijhqghklb ijhbkoh^bl ijb

l_fi_jZlmjZo bkiulZgby [he__ 500qK. Ijb \k_o l_fi_jZlmjZo bkiulZgby

ijhqghklgu_ oZjZdl_jbklbdb klZeb WI823-R, l_jfhh[jZ[hlZgghc ih

j_`bfm ghjfZebaZpby k hlimkdhf ijb 760 ºK, hdZaZebkv \ur_, q_f ^ey klZeb

ihke_ hlimkdZ ijb 800 ºK. AZf_lgh]h jZaebqby \ ieZklbq_kdbo

oZjZdl_jbklbdZo klZeb WI823-R k ^\mfy jZaebqgufb \ZjbZglZfb

l_jfhh[jZ[hldb g_ h[gZjm`_gh. K jhklhf ih\j_`^Zxs_c ^hau

gZ[ex^Z_lky m\_ebq_gb_ ijhqghklguo oZjZdl_jbklbd klZeb b mf_gvr_gb_

__ ieZklbqghklb. Ijb wlhf hkgh\gh_ kgb`_gb_ ieZklbqghklb klZeb

ijhbkoh^bl ijb fZeuo ^haZo. Ihke_ ^hau 5 kgZ ieZklbqghklv klZeb ^ey ^\mo

lbih\ l_jfhh[jZ[hldb ijZdlbq_kdb g_ baf_gy_lky.

Dexq_\u_ keh\Z: l_jfhh[jZ[hldZ, fbdjhkljmdlmjZ, f_oZgbq_kdb_ k\hckl\Z, mijhqg_gb_,

g_cljhggh_ h[emq_gb_, ijhqghklv, ieZklbqghklv.
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EFFECT OF INITIAL HEAT TREATMENT AND NEUTRON IRRADIATION ON

MICROSTRUCTURE AND SHOT-TERM MECHANICAL PROPERTIES

OF EP823-Sh FERRITE-MARTENSITIC STEEL

S.I. Porollo, A.M. Dvoryashin, E.N. Piankova, A.A. Ivanov, S.V. Shulepin

JSC «Institute for Physics and Power Engineering named after A.I. Leipunsky»

(AO SSC RF-IPPE), Obninsk, Kaluga region

The microstructure and short-term mechanical properties of EP823-Sh ferrite-

martensitic steel irradiated in the form of flat micro-samples with different heat

treatment in the reactor BN-350 at temperatures of 495-500 ºC to damage doses of

5-11 dpa were studied. Irradiated EP823-Sh steel samples with different final

tempering temperatures (760 and 800 ºC) have a two-phase microstructure

consisting of ferrite grains and tempered martensite. The strength properties of

steel decrease with an increase in the test temperature in the range of 20-685 ºC,

while the most intensive reduction in strength occurs at test temperatures above

500 ºC. At all test temperatures, the strength characteristics of steel EP823-Sh heat

treated according to the normalization mode with tempering at 760 ºC turned out

to be higher than for steel after tempering at 800 ºC. There was no noticeable

difference in the plastic characteristics of steel EP823-Sh with two different heat

treatments. With an increase in the damage dose, an increase in the strength

characteristics of the steel and a decrease in its ductility are observed. At the same

time, the main decrease in plasticity began to occur at low doses. After a dose of

5 dpa, the ductility of the steel for the two types of heat treatment is practically

unchanged.

Keywords: heat treatment, microstructure, mechanical properties, hardening, neutron irradiation,

strength, ductility.

<\_^_gb_

<ukhdhojhfbklu_ n_jjblgh-fZjl_gkblgu_ klZeb gZoh^yl rbjhdh_ ijbf_g_gb_

\ y^_jghc wg_j]_lbd_. H^ghc ba gbo y\ey_lky klZev WI823-R, ki_pbZevgh

jZajZ[hlZggZy ^ey bkihevah\Zgby \ mklZgh\dZo kh k\bgph\h-\bkfmlh\uf

l_iehghkbl_e_f [1]. <u[hj hilbfZevghc l_jfhf_oZgbq_kdhc h[jZ[hldb ^ey wlhc klZeb

– \Z`gZy l_ogheh]bq_kdZy aZ^ZqZ, ihkdhevdm klZev k ^Zgghc h[jZ[hldhc ^he`gZ [m^_l

m^h\e_l\hjylv g_kdhevdbf, aZqZklmx ijhlb\hj_qb\uf lj_[h\Zgbyf. LZd, gZijbf_j,

h[hehqdb l\weh\ ba wlhc klZeb ^he`gu \ l_q_gb_ \k_]h i_jbh^Z h[emq_gby khojZgylv

\ukhdb_ ijhqghklgu_ k\hckl\Z ijb ^hklZlhqghf aZiZk_ ieZklbqghklb, h[eZ^Zlv

^hklZlhqghc jZ^bZpbhgghc klhcdhklvx b \ukhdbf khijhlb\e_gb_f d dhjjhabb.

< ^Zgghc klZlv_ ijb\h^ylky j_amevlZlu bkke_^h\Zgby djZldh\j_f_gguo

f_oZgbq_kdbo k\hckl\ b fbdjhkljmdlmju n_jjblgh-fZjl_gkblghc klZeb WI823-R,

h[emq_gghc \ \b^_ iehkdbo fbdjhh[jZaph\ k ^\mfy \b^Zfb l_jfhh[jZ[hldb \ j_Zdlhj_

;G-350 ijb l_fi_jZlmjZo 495 b 500 hK ^h ih\j_`^Zxsbo ^ha 5-11 kgZ.
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gZljby q_j_a ^jhkk_evgh_ mkljhckl\h. >ey [he__ jZ\ghf_jgh]h jZkij_^_e_gby ihlhdZ

l_iehghkbl_ey, hfu\Zxs_]h h[jZapu, \ o\hklh\bd_ b [hdh\hc ih\_joghklb dhgl_cg_jZ

[ueb ijhk\_je_gu hl\_jklby. JZkq_lgZy l_fi_jZlmjZ h[emq_gby h[jZaph\ ^ey dZ`^h]h

wlZ`Z (dZkk_lu) hij_^_eyeZkv k lhqghklvx r 10 hK. H[s__ \j_fy h[emq_gby \ l_q_gb_

8 fbdjhdZfiZgbc khklZ\beh 631 wnn. kml. < lZ[e. 2 ijb\_^_gu agZq_gby l_fi_jZlmju

h[emq_gby, nex_gkZ g_cljhgh\ b ih\j_`^Zxs_c ^hau ^ey dZ`^hc dZkk_lu (wlZ`Z) k

iehkdbfb h[jZapZfb klZeb WI823-R.

LZ[ebpZ 2

Mkeh\by h[emq_gby iehkdbo h[jZaph\ ba klZeb WI823-R

\ fZl_jbZeh\_^q_kdhc k[hjd_ :J 20-25

� wlZ`Z

dZkk_lu

L_jfhh[-

jZ[hldZ

h[jZaph\

Nex_gk

g_cljhgh\

(?>0,1 Fw<),

u1023 g/kf2

Ih\j_`^Zx-

sZy ^haZ,

kgZ

L_fi_jZlmjZ

h[emq_gby, °K

Kdhjhklv

kha^Zgby

kf_s_gbc,

u10-8 kgZ/k

34 Ghjf. + hlimkd

800°K, 1,5 q.
0,08 5,0 500 9,17

32
Ghjf. + hlimkd

800°K, 1,5 q.
0,11 8,0 495 14,67

32
Ghjf. + hlimkd

760°K, 1,5 q.
0,11 8,0 495 14,67

30
Ghjf. + hlimkd

760°K, 1,5 q.
0,15 11,0 495 20,18

Ihke_ h[emq_gby b jZa[hjdb dhgl_cg_jZ b dZkk_l [ueZ ijh\_^_gZ hlfu\dZ

h[jZaph\ hl hklZldh\ gZljby, ijh\_^_gh baf_j_gb_ djZldh\j_f_gguo f_oZgbq_kdbo

k\hckl\ klZeb b bkke_^h\ZgZ fbdjhkljmdlmjZ h[jZaph\ f_lh^hf ljZgkfbkkbhgghc

we_dljhgghc fbdjhkdhibb. Ihke_ hlfu\db h[jZapu bf_eb k\_leh-k_juc p\_l [_a

dZdbo-eb[h ^_n_dlh\ gZ bo ih\_joghklb. F_oZgbq_kdb_ k\hckl\Z klZeb WI823-R

hij_^_eyebkv bkiulZgb_f gZ jZkly`_gb_ \ mkeh\byo ]hjyq_c dZf_ju gZ jZaju\ghc

fZrbg_ 1689J-1 ijb kdhjhklb ih^\b`gh]h aZo\ZlZ 1 ff/fbg, qlh khhl\_lkl\h\Zeh

gZqZevghc kdhjhklb ^_nhjfbjh\Zgby 0,06 fbg-1 (1u10-3 k-1). Ih ^bZ]jZffZf jZkly`_gby,

ihemq_gguf \ dhhj^bgZlZo «gZ]jmadZ-m^ebg_gb_», [ueb jZkkqblZgu ke_^mxsb_

oZjZdl_jbklbdb: V\ – \j_f_ggh_ khijhlb\e_gb_ jZaju\m (ij_^_e ijhqghklb), V0,2 –

mkeh\guc ij_^_e l_dmq_klb, G0 – h[s__ hlghkbl_evgh_ m^ebg_gb_, Gj – jZ\ghf_jgh_

hlghkbl_evgh_ m^ebg_gb_. BkiulZgby ijh\h^bebkv \ bgl_j\Ze_ l_fi_jZlmj 20-685 hK,

qlh iha\hebeh bkke_^h\Zlv aZ\bkbfhklv f_oZgbq_kdbo k\hckl\ hl l_fi_jZlmju

bkiulZgby. <j_fy \u^_j`db h[jZaph\ ijb mdZaZgguo l_fi_jZlmjZo khklZ\eyeh 20 fbg.

Ijb dZ`^hc l_fi_jZlmj_ bkiulu\Zebkv ih 2-4 h[jZapZ k mkj_^g_gb_f ihemq_gguo

j_amevlZlh\. FZdkbfZevguc jZa[jhk ^Zgguo ih ijhqghklguf oZjZdl_jbklbdZf g_

ij_\urZe r35 FIZ, ih hlghkbl_evghfm m^ebg_gbx í r4%.
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>ey bkke_^h\Zgby f_lh^hf ljZgkfbkkbhgghc we_dljhgghc fbdjhkdhibb [ueb

bkihevah\Zgu ]heh\db h[jZaph\ ihke_ ijh\_^_gby f_oZgbq_kdbo bkiulZgbc ijb

dhfgZlghc l_fi_jZlmj_. =heh\db h[jZaph\ [ueb we_dljheblbq_kdb mlhg_gu ^h

lhesbgu 0,2-0,3 ff, Z aZl_f ba gbo [ueb \u[blu ^bkdb ^bZf_ljhf 3 ff,

ih^\_j]Z\rb_ky hdhgqZl_evghc ^\moklhjhgg_c we_dljhihebjh\d_ gZ mklZgh\d_

kljmcgh]h ihebjh\Zgby «L_gmihev». Ijb ihebjh\d_ [ue bkihevah\Zg j_Zdlb\,

khklhysbc ba 50% wlbeh\h]h kibjlZ, 45% [mlbep_eeZahev\Z b 5% oehjghc dbkehlu.

J_`bf ihebjh\db: gZijy`_gb_ a35 <, kbeZ lhdZ 0,35 : b l_fi_jZlmjZ 8y10 qK.

Bkke_^h\Zgb_ fbdjhkljmdlmju klZeb WI823-R [ueh ijh\_^_gh gZ we_dljhgghf

fbdjhkdhi_ JEM-100CX, h[hjm^h\Zgghf ]hgbhf_ljbq_kdbf mkljhckl\hf [hdh\h]h lbiZ,

ijb mkdhjyxs_f gZijy`_gbb 100 d<.

J_amevlZlu bkke_^h\Zgby

Baf_g_gb_ ij_^_eZ ijhqghklb (V\) b ij_^_eZ l_dmq_klb (V0,2) klZeb WI823-R

ihke_ h[emq_gby \ aZ\bkbfhklb hl l_fi_jZlmju bkiulZgby ihdZaZgh gZ jbk. 2. Ba

jbkmgdZ \b^gh, qlh ijhqghklgu_ k\hckl\Z klZeb kgb`Zxlky k ih\ur_gb_f

l_fi_jZlmju bkiulZgby \ bgl_j\Ze_ 20-685 qK, ijbq_f hkh[_ggh bgl_gkb\gh kgb`_gb_

ijhqghklb ijhbkoh^bl ijb l_fi_jZlmj_ bkiulZgby [he__ 500 qK. >ey h[jZaph\,

h[emq_gguo ^h ih\j_`^Zxs_c ^hau 11 kgZ, agZq_gby ij_^_eZ l_dmq_klb ijb

l_fi_jZlmjZo bkiulZgby, jZ\guo 20, 400 b 650 qK, khklZ\beb a770, 540 b 260 FIZ

khhl\_lkl\_ggh. Ijb \k_o l_fi_jZlmjZo bkiulZgby ijhqghklgu_ oZjZdl_jbklbdb klZeb

WI823-R, l_jfhh[jZ[hlZgghc ih j_`bfm ghjfZebaZpbb k hlimkdhf ijb 760qK,

hdZaZebkv \ur_, q_f ^ey klZeb ihke_ hlimkdZ ijb 800°K. FZdkbfZevgh_ jZaebqb_

\ agZq_gbb ij_^_eZ ijhqghklb gZ[ex^Z_lky ijb l_fi_jZlmj_ bkiulZgby 20 qK

b khklZ\ey_l 75 FIZ ihke_ h[emq_gby ^h ih\j_`^Zxs_c ^hau 8 kgZ.

Z) [)

Jbk. 2. Baf_g_gb_ ij_^_eZ ijhqghklb (Z) b ij_^_eZ l_dmq_klb ([) klZeb WI823-R \

aZ\bkbfhklb hl l_fi_jZlmju bkiulZgby. v í 800°K/1,5 q. 5 kgZ; � í 800°K/1,5 q. 8 kgZ;

û í 760°K/1,5 q. 8 kgZ; x í 760°K/1,5 q. 11 kgZ.

L_fi_jZlmjgZy aZ\bkbfhklv ihegh]h (G0) b jZ\ghf_jgh]h (Gj) hlghkbl_evguo

m^ebg_gbc h[jZaph\ ihdZaZgZ gZ jbk. 3. Baf_g_gb_ ieZklbqghklb k l_fi_jZlmjhc
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bkiulZgby ghkbl g_fhghlhgguc oZjZdl_j. Djb\Zy bf__l fbgbfmf \ bgl_j\Ze_

l_fi_jZlmj 300-500 qK, ]^_ agZq_gby Gj b Gh khklZ\eyxl 7-9,5% b 11-14%

khhl\_lkl\_ggh. Ijb l_fi_jZlmj_ \ur_ 500 qK ieZklbqghklv klZeb j_adh \hajZklZ_l.

Ijb l_fi_jZlmj_ bkiulZgby 650 qK agZq_gby h[s_]h b jZ\ghf_jgh]h hlghkbl_evguo

m^ebg_gbc h[jZaph\, l_jfhh[jZ[hlZgguo k hlimkdhf ijb 760 qK b h[emq_gguo ^h

11 kgZ, ^hklb]Zxl a45 b 15% khhl\_lkl\_ggh. AZf_lgh]h jZaebqby \ ieZklbq_kdbo

oZjZdl_jbklbdZo klZeb WI823-R k ^\mfy jZaebqgufb \ZjbZglZfb l_jfhh[jZ[hldb g_

h[gZjm`_gh. H[jZsZ_l gZ k_[y \gbfZgb_ ebrv jZaebqb_ \ agZq_gbyo jZ\ghf_jgh]h

hlghkbl_evgh]h m^ebg_gby h[jZaph\ k jZaghc l_fi_jZlmjhc hlimkdZ, bkiulZgguo ijb

600 b 650 qK. AgZq_gby jZ\ghf_jgh]h m^ebg_gby h[jZaph\ klZeb WI823-R k hlimkdhf

ijb 800 qK ihke_ h[emq_gby ^h ^hau 5 kgZ hdZaZebkv ihqlb \ 2 jZaZ \ur_, q_f ^ey klZeb

WI823-R k hlimkdhf ijb 760 qK ihke_ h[emq_gby ^h ^hau 11 kgZ. IjZ\^Z, \ wlhf kemqZ_,

djhf_ l_jfhh[jZ[hldb, h[jZapu jZaebqZebkv b gZ[jZgghc ^hahc.

Z) [)

Jbk. 3. Baf_g_gb_ h[s_]h (Z) b jZ\ghf_jgh]h ([) hlghkbl_evguo m^ebg_gbc klZeb WI823-R \

aZ\bkbfhklb hl l_fi_jZlmju bkiulZgby. v í 800°K/1,5 q. 5 kgZ; � í 800°K/1,5 q. 8 kgZ;

û í 760°K/1,5 q. 8 kgZ; x í 760°K/1,5 q. 11 kgZ.

F_lh^hf ijhk\_qb\Zxs_c we_dljhgghc fbdjhkdhibb [ueb bkke_^h\Zgu h[jZapu

klZeb, jZaebqZ\rb_ky l_fi_jZlmjhc aZdexqbl_evgh]h hlimkdZ ijb bkoh^ghc

l_jfhh[jZ[hld_. FbdjhkljmdlmjZ h[jZaph\ h[emq_gghc klZeb WI823-R,

l_jfhh[jZ[hlZgghc k hlimkdhf ijb l_fi_jZlmj_ 760 qK, khklhbl ba kf_kb

ihebw^jbq_kdbo a_j_g n_jjblZ (~10%) b hlims_ggh]h fZjl_gkblZ (~90%) (jbk. 4).

JZaf_j a_j_g khklZ\ey_l 5-10 fdf, qlh khhl\_lkl\m_l 11-12 [Zeem. A_jgZ hlims_ggh]h

fZjl_gkblZ, \ k\hx hq_j_^v, khklhyl ba km[a_j_g, bf_xsbo nhjfm h^bgZdh\h

hjb_glbjh\Zgguo lhgdbo ieZklbg rbjbghc 0,5-1 fdf. =jZgbpu a_j_g h[_bo

kljmdlmjguo khklZ\eyxsbo ^_dhjbjh\Zgu ijZdlbq_kdb g_ij_ju\ghc p_ihqdhc

\u^_e_gbc dZj[b^h\ lbiZ F23K6 jZaf_jhf 0,1-0,2 fdf. Km[]jZgbpu \gmljb a_j_g

hlims_ggh]h fZjl_gkblZ qZklbqgh aZiheg_gu dZj[b^Zfb F23K6. Djhf_ wlh]h, ih \k_fm
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h[t_fm fZl_jbZeZ gZ[ex^Zxlky hdjm]eu_ \dexq_gby qZklbp lbiZ FK b F23K6

^bZf_ljhf 0,2-0,5 fdf. < a_jgZo n_jjblZ iehlghklv ^bkehdZpbc khklZ\ey_l \_ebqbgm

5u109 kf-2 (jbk. 5), Z \ a_jgZo hlims_ggh]h fZjl_gkblZ iehlghklv ^bkehdZpbc gZ

ihjy^hd \ur_ – 5u1010 kf-2 (jbk. 6), ijbq_f wlb agZq_gby [ueb h^bgZdh\u \ h[jZapZo,

h[emq_gguo ^h ^ha 8 b 11 kgZ.

Z) [)

Jbk. 4. FbdjhkljmdlmjZ klZeb WI823-R \ khklhygbb ghjfZebaZpby+hlimkd, 760 qK/1,5 q.

ihke_ h[emq_gby g_cljhgZfb ijb l_fi_jZlmj_ 495 qK ih\j_`^Zxsbfb ^haZfb

8 (Z) b 11 kgZ ([)

Z) [)

Jbk. 5. KljmdlmjZ a_j_g n_jjblZ klZeb WI823-R \ khklhygbb ghjfZebaZpby+hlimkd,

760 qK/1,5 q. ihke_ h[emq_gby g_cljhgZfb ijb l_fi_jZlmj_ 495 qK ih\j_`^Zxsbfb ^haZfb

8 (Z) b 11 kgZ ([)

Ihke_ aZdexqbl_evgh]h hlimkdZ ijb l_fi_jZlmj_ 800 qK bkke_^h\Zggu_ h[jZapu

klZeb WI823-R, h[emq_ggu_ ^haZfb 5 b 8 kgZ, bf_xl b^_glbqgmx fbdjhkljmdlmjm,

khklhysmx ba a_j_g n_jjblZ (~10%) b hlims_ggh]h fZjl_gkblZ (~90%), \gmljb

dhlhjuo ijhba\hevguf h[jZahf jZkiheZ]Zxlky ij_bfms_kl\_ggh hdjm]eu_ dZj[b^u

lbiZ FK b F23K6 jZaf_jhf 0,1-0,5 fdf b  dhgp_gljZpb_c a1u1013 kf-3 (jbk. 7). H^gZdh,
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\ hlebqb_ hl hlimkdZ ijb 760 qK, a_jgZ hlims_ggh]h fZjl_gkblZ khklhyl ba jZ\ghhkguo

km[a_j_g jZaf_jhf 1-2 fdf, jZa^_e_gguo f_`^m kh[hc ^bkehdZpbhggufb kl_gdZfb

(jbk. 8). Iehlghklv ^bkehdZpbc \gmljb km[a_j_g hlghkbl_evgh g_\ukhdZ b khklZ\ey_l

(1-2)u1010 kf-2, Z \ kl_gdZo – ^h 1011 kf-2.

Z) [)

Jbk. 6. KljmdlmjZ hlims_ggh]h fZjl_gkblZ klZeb WI823-R \ khklhygbb

ghjfZebaZpby+hlimkd, 760 qK/1,5 q. ihke_ h[emq_gby g_cljhgZfb ijb l_fi_jZlmj_ 495 qK

ih\j_`^Zxsbfb ^haZfb 8 (Z) b 11 kgZ ([)

Z) [)

Jbk. 7. FbdjhkljmdlmjZ klZeb WI823-R \ khklhygbb ghjfZebaZpby+hlimkd, 800 qK/1,5 q.

ihke_ h[emq_gby g_cljhgZfb ih\j_`^Zxsbfb ^haZfb 5 (Z) b 8 kgZ ([) ijb l_fi_jZlmjZo 500 b

495 qK khhl\_lkl\_ggh
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Z) [)

Jbk. 8. KljmdlmjZ hlims_ggh]h fZjl_gkblZ klZeb WI823-R \ khklhygbb

ghjfZebaZpby+hlimkd 800 qK/1,5 q. ihke_ h[emq_gby g_cljhgZfb ih\j_`^Zxsbfb ^haZfb 5 (Z)

b 8 kgZ ([) ijb l_fi_jZlmjZo 500 b 495 qK khhl\_lkl\_ggh

<h \k_o bkke_^h\Zgguo h[jZapZo klZeb WI823-R gZ[ex^Zxlky f_edh^bki_jkgu_

kn_jbq_kdb_ \u^_e_gby, jZ\ghf_jgh jZkij_^_e_ggu_ ih l_em n_jjblguo b

fZjl_gkblguo a_j_g. :gZeba fbdjh^bnjZdpbhgguo dZjlbg, ihemq_gguo hl wlbo

\u^_e_gbc, ihdZau\Z_l, qlh wlb \u^_e_gby y\eyxlky qZklbpZfb F-nZau (jbk. 9). Ijb

wlhf, g_kfhljy gZ jZagbpm \ mkeh\byo h[emq_gby, bkke_^h\Zggu_ h[jZapu k h^bgZdh\hc

l_fi_jZlmjhc aZdexqbl_evgh]h hlimkdZ bf_xl [ebadb_, ijZdlbq_kdb kh\iZ^Zxsb_

agZq_gby jZaf_jh\ b dhgp_gljZpbc wlbo \u^_e_gbc. < lh `_ \j_fy gZ[ex^Z_lky

g_dhlhjh_ jZaebqb_ \ iZjZf_ljZo wlbo \u^_e_gbc f_`^m h[jZapZfb k jZaghc

l_fi_jZlmjhc hlimkdZ. LZd, \ a_jgZo n_jjblZ b hlims_ggh]h fZjl_gkblZ h[jZaph\ ba

klZeb WI823-R k l_fi_jZlmjhc hlimkdZ 760 qK ihke_ h[emq_gby ^haZfb 8 b 11 kgZ ijb

l_fi_jZlmj_ 495 qK jZaf_j f_edh^bki_jkguo \u^_e_gbc khklZ\ey_l a14 gf, Z

dhgp_gljZpby – 2,5u1015 kf-3. Ijb wlhf ih oZjZdl_jm jZkij_^_e_gby, jZaf_jm b

dhgp_gljZpbb f_edh^bki_jkgu_ \u^_e_gby \ a_jgZo n_jjblZ b hlims_ggh]h

fZjl_gkblZ g_ hlebqZxlky f_`^m kh[hc. H[jZapu klZeb WI823-R, hlims_gghc ijb

l_fi_jZlmj_ 800 qK b h[emq_gghc ijb mkeh\byo, mdZaZgguo \ lZ[e. 2, lZd`_ bf_xl

ijbf_jgh h^bgZdh\u_ agZq_gby jZaf_jZ \u^_e_gbc (a12 gf) b dhgp_gljZpbb

(a4u1015 kf-3). LZdbf h[jZahf, k ih\ur_gb_f l_fi_jZlmju aZdexqbl_evgh]h hlimkdZ

klZeb WI823-R ijhbkoh^bl m\_ebq_gb_ dhgp_gljZpbb h[jZamxsboky ijb h[emq_gbb

f_edh^bki_jkguo \u^_e_gbc b h^gh\j_f_ggh_ kgb`_gb_ bo jZaf_jZ.
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Z) [)

Jbk. 9. K\_lehihevgh_ (Z) b l_fghihevgh_ ([) bah[jZ`_gby f_edh^bki_jkghc nZau \

klZeb WI823-R (ghjfZebaZpby+hlimkd, 760 qK/1,5 q.) ihke_ h[emq_gby ijb l_fi_jZlmj_ 495

qK ih\j_`^Zxs_c ^hahc 11 kgZ

>jm]bo jZ^bZpbhggh-bg^mpbjh\Zgguo ^_n_dlh\ b nZah\uo \u^_e_gbc \

bkke_^h\Zgguo h[jZapZo klZeb WI823-R, ijb \k_o mdZaZgguo \ur_ j_`bfZo

l_jfhh[jZ[hldb b mkeh\byo h[emq_gby, g_ h[gZjm`_gh.

H[km`^_gb_ j_amevlZlh\

IhdZaZggu_ gZ jbk. 2 b 3 aZ\bkbfhklb hljZ`Zxl h[sbc oZjZdl_j baf_g_gby

djZldh\j_f_gguo f_oZgbq_kdbo k\hckl\ klZe_c ih^h[gh]h deZkkZ k l_fi_jZlmjhc [2].

Ijb[ebabl_evgh ^h l_fi_jZlmju 500 qK fZl_jbZe khojZgy_l k\hb bagZqZevgh \ukhdb_

ijhqghklgu_ k\hckl\Z, ihke_ q_]h gZ[ex^Z_lky bo j_adh_ iZ^_gb_. H^gh\j_f_ggh

ijhbkoh^bl j_adh_ m\_ebq_gb_ ieZklbq_kdbo oZjZdl_jbklbd klZeb. >ey [hevrbgkl\Z

[ukljuo j_Zdlhjh\ fZdkbfZevgZy l_fi_jZlmjZ h[hehq_d l\weh\ ij_\urZ_l 600 qK, b,

lZdbf h[jZahf, h[_ki_q_gb_ lj_[m_fuo ijhqghklguo oZjZdl_jbklbd h[hehqdb y\ey_lky

i_j\hkl_i_gghc aZ^Zq_c. H[s_ijbgylhc ^ey \ukhdhojhfbkluo n_jjblgh-

fZjl_gkblguo klZe_c y\ey_lky l_jfhh[jZ[hldZ, khklhysZy ba ghjfZebaZpbb hl \ukhdhc

l_fi_jZlmju, g_h[oh^bfhc ^ey i_j_\h^Z \k_o e_]bjmxsbo we_f_glh\ \ l\_j^uc

jZkl\hj, b hlimkdZ \ bgl_j\Ze_ l_fi_jZlmj hl fZdkbfZevguo jZ[hqbo l_fi_jZlmj ^h

l_fi_jZlmju nZah\h]h ij_\jZs_gby (: K1). Baf_gyy l_fi_jZlmjm b ^ebl_evghklv

hlimkdZ, fh`gh kms_kl\_ggh baf_gylv kljmdlmjm b f_oZgbq_kdb_ k\hckl\Z klZeb.

Ijh\_^_ggu_ bkke_^h\Zgby ihdZaZeb, qlh \ j_amevlZl_ hlimkdZ ijhbkoh^yl keh`gu_

kljmdlmjgh-nZah\u_ ij_\jZs_gby, k\yaZggu_ dZd k \u^_e_gb_f \lhjbqguo nZa ba
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i_j_kus_ggh]h l\_j^h]h jZkl\hjZ, lZd b k baf_g_gb_f ^bkehdZpbhgghc kljmdlmju

klZeb. Ijb wlhf k ih\ur_gb_f l_fi_jZlmju b ^ebl_evghklb hlimkdZ ijhbkoh^bl

kgb`_gb_ fbdjhl\_j^hklb b ^jm]bo ijhqghklguo oZjZdl_jbklbd klZeb k

h^gh\j_f_gguf m\_ebq_gb_f ieZklbqghklb [2]. >ey klZeb WI823-R, l_fi_jZlmjZ

nZah\h]h ij_\jZs_gby (: K1) dhlhjhc khklZ\ey_l 870 qK [3], l_fi_jZlmjZ hlimkdZ

baf_gyeZkv \ ij_^_eZo hl klZg^Zjlghc 720 qK ^h 800 qK, bkihevah\Zgghc ijb

aZdexqbl_evghc l_jfhh[jZ[hld_ r_klb]jZgguo q_oeh\ j_ZdlhjZ ;G-600 [4].

GZ jbk. 10 b 11 ihdZaZgu ^hagu_ aZ\bkbfhklb ijhqghklguo b ieZklbq_kdbo

oZjZdl_jbklbd klZeb WI823-R ^ey ^\mo \b^h\ l_jfhh[jZ[hldb k jZaebqgufb

l_fi_jZlmjZfb hlimkdZ. <b^gh, qlh k jhklhf ih\j_`^Zxs_c ^hau ijhqghklgu_

k\hckl\Z klZeb m\_ebqb\Zxlky, ijb wlhf ijhqghklv klZeb k l_fi_jZlmjhc hlimkdZ 760°

\ur_, q_f klZeb k l_fi_jZlmjhc hlimkdZ 800 qK. Qlh dZkZ_lky ieZklbq_kdbo

oZjZdl_jbklbd klZeb, lh ih\ur_gb_ l_fi_jZlmju hlimkdZ ^h 800 qK g_ ijb\_eh d

m\_ebq_gbx ieZklbqghklb klZeb. ;he__ lh]h, ijb bkiulZgbb ijb l_fi_jZlmj_, jZ\ghc

l_fi_jZlmj_ h[emq_gby, ieZklbqghklv klZeb ihke_ hlimkdZ ijb l_fi_jZlmj_ 760 qK

\ur_, q_f ihke_ hlimkdZ ijb 800 qK. KjZ\gb\Zy ihemq_ggu_ ^Zggu_ k ^Zggufb ^ey

bkoh^gh]h fZl_jbZeZ (jbk. 12), fh`gh \b^_lv, qlh ^ey bagZqZevgh [he__ ijhqghc klZeb

k hlimkdhf ijb 760 qK ijbjhkl ijhqghklb \ j_amevlZl_ h[emq_gby f_gvr_, q_f ^ey

klZeb k hlimkdhf ijh 800 qK. Ijb wlhf hkgh\gh_ kgb`_gb_ ieZklbqghklb ijhbkoh^bl

ijb fZeuo ^haZo. Ihke_ ^hau 5 kgZ ieZklbqghklv klZeb ^ey ^\mo lbih\ l_jfhh[jZ[hldb

ijZdlbq_kdb g_ baf_gy_lky.

Z) [)

Jbk. 10. >hagu_ aZ\bkbfhklb ijhqghklguo (Z) b ieZklbq_kdbo ([) oZjZdl_jbklbd klZeb

WI823-R ihke_ bkiulZgby ijb dhfgZlghc l_fi_jZlmj_.

v xí ij_^_e ijhqghklb b h[s__ hlghkbl_evgh_ m^ebg_gb_; � û – ij_^_e l_dmq_klb b

jZ\ghf_jgh_ hlghkbl_evgh_ m^ebg_gb_. v b � – hlimkd 800 °K/1,5 q;

x b û – hlimkd 760 °K/1,5 q.
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Z) [)

Jbk. 11. >hagu_ aZ\bkbfhklb ijhqghklguo (Z) b ieZklbq_kdbo ([) oZjZdl_jbklbd klZeb

WI823-R ijb l_fi_jZlmj_ bkiulZgby 500 °K.

v xí ij_^_e ijhqghklb b h[s__ hlghkbl_evgh_ m^ebg_gb_; � û – ij_^_e l_dmq_klb b

jZ\ghf_jgh_ hlghkbl_evgh_ m^ebg_gb_. v b � – hlimkd 800 °K/1,5 q;

x b û – hlimkd 760 °K/1,5 q.

Z) [)

Jbk. 12. >hagu_ aZ\bkbfhklb ij_^_eZ ijhqghklb (Z) b h[s_]h hlghkbl_evgh]h m^ebg_gby ([)

klZeb WI823-R ijb l_fi_jZlmj_ bkiulZgby 20 °K.

v – hlimkd 800 °K/1,5 q; x – hlimkd 760 °K/1,5 q.

DZd ihdZaZeb j_amevlZlu baf_j_gby djZldh\j_f_gguo f_oZgbq_kdbo k\hckl\,

hkgh\guf jZaebqb_f \ f_oZgbq_kdbo oZjZdl_jbklbdZo klZeb WI823-R k ^\mfy

jZaebqgufb \b^Zfb l_jfhh[jZ[hldb y\ey_lky [he__ \ukhdZy ijhqghklv klZeb k

l_fi_jZlmjhc hlimkdZ 760 qK. :gZebabjmy fbdjhkljmdlmjgu_ oZjZdl_jbklbdb

h[emq_gghc klZeb, fh`gh aZdexqblv, qlh [he__ \ukhdb_ ijhqghklgu_ k\hckl\Z klZeb k

l_fi_jZlmjhc hlimkdZ 760 qK k\yaZgu k hkh[_gghklyfb jZa\blby ^bkehdZpbhgghc
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kljmdlmju klZeb b, \ qZklghklb, k [he__ \ukhdhc iehlghklvx ^bkehdZpbc (~5u1010 kf-2

ih kjZ\g_gbx k (1-2)u1010 kf-2 ^ey klZeb k hlimkdhf ijb 800 qK). HklZevgu_

fbdjhkljmdlmjgu_ oZjZdl_jbklbdb ^ey ^\mo \b^h\ l_jfbq_kdhc h[jZ[hldb klZeb

WI823-R g_ bf_eb klhev agZqbl_evguo jZaebqbc.

Baf_g_gb_ nZah\h]h khklZ\Z klZeb \ j_amevlZl_ ^ebl_evgh]h ([he__ 15000 qZkh\)

h[emq_gby ijb l_fi_jZlmj_ 495-500 qK \ agZqbl_evghc kl_i_gb [m^_l hij_^_eylvky lhc

kljmdlmjhc klZeb, dhlhjZy h[jZah\ZeZkv ihke_ aZdexqbl_evgh]h hlimkdZ. < j_amevlZl_

h[emq_gby fh`_l ijhbkoh^blv dZd jZkl\hj_gb_ m`_ kms_kl\h\Z\rbo \u^_e_gbc,

baf_g_gb_ bo obfbq_kdh]h khklZ\Z, lZd b h[jZah\Zgb_ gh\uo lbih\ jZ^bZpbhggh-

bg^mpbjh\Zgguo \u^_e_gbc. :gZebabjmy nZah\uc khklZ\ klZeb WI823-R ihke_

h[emq_gby fh`gh aZdexqblv, qlh f_edh^bki_jkgu_ \u^_e_gby F-nZau (keh`guc

bgl_jf_lZeeb^, kh^_j`Zsbc dj_fgbc) y\eyxlky _^bgkl\_ggufb nZah\ufb

\u^_e_gbyfb, dhlhju_ h[jZah\Zebkv \ klZeb ijb h[emq_gbb[5-7]. <_jhylg__ \k_]h,

hklZevgu_ \u^_e_gby h[jZah\Zebkv \ klZeb \ ijhp_kk_ l_jfhh[jZ[hldb, ohly bo

fhjnheh]by b jZaf_ju fh]eb baf_gblvky \ j_amevlZl_ h[emq_gby. >ey h[hbo \b^h\

l_jfhh[jZ[hldb oZjZdl_jbklbdb \u^_e_gbc F-nZau g_ baf_gyxlky \ ^bZiZahg_

bkke_^h\Zgguo ^ha, ijb wlhf h[t_fgZy ^hey \u^_e_gbc F-nZau ihke_ hlimkdZ ijb

760 qK (0,36%) g_kdhevdh \ur_, q_f ihke_ hlimkdZ ijb 800 qK (0,28%).

<u\h^u

Ijh\_^_ggh_ bkke_^h\Zgb_ fbdjhkljmdlmju b djZldh\j_f_gguo f_oZgbq_kdbo

k\hckl\ n_jjblgh-fZjl_gkblghc klZeb WI823-R, h[emq_gghc \ \b^_ iehkdbo

fbdjhh[jZaph\ k jZaebqghc l_jfhh[jZ[hldhc \ j_Zdlhj_ ;G-350 ijb l_fi_jZlmjZo

495-500 ºK ^h ih\j_`^Zxsbo ^ha 5-11 kgZ, iha\hey_l k^_eZlv ke_^mxsb_ \u\h^u:

1. H[emq_ggu_ h[jZapu klZeb WI823-R k jZaghc l_fi_jZlmjhc aZdexqbl_evgh]h

hlimkdZ (760 b 800 ºK) bf_xl ^\monZagmx fbdjhkljmdlmjm, khklhysmx ba a_j_g

n_jjblZ (~10%) b hlims_ggh]h fZjl_gkblZ (~90%). Hkgh\gh_ jZaebqb_ aZdexqZ_lky \

kljmdlmj_ hlims_ggh]h fZjl_gkblZ. Ihke_ hlimkdZ ijb l_fi_jZlmj_ 760 ºK a_jgZ

hlims_ggh]h fZjl_gkblZ khklhyl ba ieZklbg – j__d rbjbghc 0,5-1 fdf, Z ihke_ hlimkdZ

ijb l_fi_jZlmj_ 800 ºK – ba jZ\ghhkguo km[a_j_g jZaf_jhf 1-2 fdf.

2. < j_amevlZl_ h[emq_gby \ kljmdlmj_ klZeb WI823-R h[jZamxlky

f_edh^bki_jkgu_ kn_jbq_kdb_ \u^_e_gby F-nZau, keh`gh]h dj_fgbc- kh^_j`Zs_]h

bgl_jf_lZeeb^Z. JZaf_j b dhgp_gljZpby wlbo \u^_e_gbc g_ baf_gyxlky k m\_ebq_gb_f

^hau h[emq_gby, gh ijb wlhf gZ[ex^Z_lky g_[hevrh_ jZaebqb_ \ iZjZf_ljZo wlbo

\u^_e_gbc f_`^m h[jZapZfb k jZaghc l_fi_jZlmjhc hlimkdZ. LZd, \ klZeb WI823-R k

l_fi_jZlmjhc hlimkdZ 760 qK ihke_ h[emq_gby ^haZfb 8 kgZ b 11 kgZ jZaf_j

f_edh^bki_jkguo \u^_e_gbc khklZ\ey_l a14 gf, Z dhgp_gljZpby – 2,5u1015 kf-3.

H[jZapu klZeb, hlims_gghc ijb l_fi_jZlmj_ 800 qK b h[emq_gghc ^h ^ha 5 kgZ b 8 kgZ,

bf_xl jZaf_j \u^_e_gbc a12 gf b dhgp_gljZpbx a4u1015 kf-3.
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3. Ijhqghklgu_ k\hckl\Z klZeb kgb`Zxlky k ih\ur_gb_f l_fi_jZlmju

bkiulZgby \ bgl_j\Ze_ 20-685 qK, ijb wlhf gZb[he__ bgl_gkb\gh kgb`_gb_ ijhqghklb

ijhbkoh^bl ijb l_fi_jZlmjZo bkiulZgby [he__ 500 qK. Ijb \k_o l_fi_jZlmjZo

bkiulZgby ijhqghklgu_ oZjZdl_jbklbdb klZeb WI823-R, l_jfhh[jZ[hlZgghc ih

j_`bfm ghjfZebaZpbb k hlimkdhf ijb 760qK, hdZaZebkv \ur_, q_f ^ey klZeb ihke_

hlimkdZ ijb 800 qK. Ih\ur_ggZy ijhqghklv fZl_jbZeZ k gbadhl_fi_jZlmjguf

hlimkdhf k\yaZggZ k [he__ \ukhdhc iehlghklvx ^bkehdZpbc \ klZeb k ^Zgghc

l_jfhh[jZ[hldhc. AZf_lgh]h jZaebqby \ ieZklbq_kdbo oZjZdl_jbklbdZo klZeb WI823-R k

^\mfy jZaebqgufb \ZjbZglZfb l_jfhh[jZ[hldb g_ h[gZjm`_gh.

4. K jhklhf ih\j_`^Zxs_c ^hau gZ[ex^Z_lky m\_ebq_gb_ ijhqghklguo

oZjZdl_jbklbd klZeb b mf_gvr_gb_ __ ieZklbqghklb. Ijb wlhf hkgh\gh_ kgb`_gb_

ieZklbqghklb klZeb ijhbkoh^bl ijb fZeuo ^haZo. Ihke_ ^hau 5 kgZ ieZklbqghklv klZeb

^ey ^\mo lbih\ l_jfhh[jZ[hldb ijZdlbq_kdb g_ baf_gy_lky.
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